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Ligand-independent activation of the sevenless receptor tyrosine
kinase changes the fate of cells in the developing Drosophila eye
Abstract
Cell fate in the developing eye is determined by a cascade of inductive interactions. In this process, the
sevenless protein--a receptor tyrosine kinase--is required for the specification of the R7 photoreceptor
cell fate. We have constructed a gain-of-function sevenless mutation (SevS11) by overexpressing a
truncated sevenless protein in the cells where sevenless is normally expressed. In SevS11 mutant flies,
all sevenless-expressing cells initiate neural development. This results in the formation of multiple
R7-like photoreceptors per ommatidium. Therefore, sevenless activity appears to be necessary and
sufficient for the determination of R7 cell fate. These results illustrate the central role receptor tyrosine
kinases can play in the specification of cell fate during development.
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Summary 
Cell fate in the developing eye is determined by a cas- 
cade of inductive interactions. In this process, the sev- 
enless protein-a receptor tyrosine kinase- is re- 
quired for the specification of the R7 photoreceptor 
cell fate. We have constructed a gain-of-function sex- 
enless mutation (SetP) by overexpressing a trun- 
cated sevenless proteln in the ceils where sevenless 
is normally expressed. In Se+ mutant flies, all seven- 
less-expressing cells initiate neural development. This 
results in the formation of multiple RFltke photorecep 
tors perommatidium. Therefore, sevenless activity ap 
pears to be necessary and sufficient for the determina- 
tion of R7 cell fate. These results illustrate the central 
role receptortyrosine klnases can play in the specifica- 
tion of cell fate during development. 
Introduction 
During the development of multicellular organisms, cells 
adopt distinct fates in response to cues in their environ- 
ment. Little is known about the mechanisms by which cells 
read and interpret these cues and how the specificity is 
achieved by which neighboring cells reproducibly choose 
different developmental pathways. The formation of the 
R7 photoreceptor cell in the Drosophila eye is a model 
system to study mechanisms of position-dependent cell 
fate determination: an undetermined precursor cell is re- 
cruited to differentiate into a UV-sensitive photoreceptor 
cell based on its position with respect to its neighbors 
(reviewed in Basler and Hafen, 1988a; Rubin, 1989; Ban- 
erjee and Zipursky, 1990). Its presence can be assessed 
using morphological and behavioral criteria. 
The R7 cell is part of the precise array of eight photore- 
ceptor cells (Rl to R8) that, together with 12 nonneuronal 
cells, constitute an ommatidial unit. During development 
the ommatidial cluster assembles in a stereotyped se- 
quence (Figure 1): the R8 cell is the first to differentiate, 
followed by the pairwise addition of R2/R5, R3/R4, RllR6, 
and, finally, R7 (Tomlinson and Ready, 1987a). Each cell 
forms a unique set of cell contacts. The R7 precursor con- 
tacts the developing Rl , R6, and R8 cells. Since no cell 
lineage relationships are shared by the differentcell types 
in the eye (Lawrence and Green, 1979) it has been pro- 
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posed that cell fate is determined by local cell-cell interac- 
tions (Ready et al., 1976; Tomlinson and Ready, 1987a). 
Two mutations, bride of sevenless (boss) and sevenless, 
have been identified in which the R7 cell fails to develop 
correctly and instead becomes a nonneuronal cone cell. 
Wild-type boss gene function is required in R8 for proper 
development of R7 (Reinke and Zipursky, 1988). By con- 
trast, the sevenless gene functions cell autonomously; its 
protein is required in the R7 precursor (Harris et al., 1976; 
Campos-Ortega et al., 1979; Tomlinson and Ready, 
1987b). Molecular analysis of the sevenless gene revealed 
that it encodes a receptor tyrosine kinase with a large 
extracellular domain and a C-terminal, cytoplasmic tyro- 
sine kinase domain (Hafen et al., 1987; Basler and Hafen, 
1988b; Bowtell et al., 1988). sevenless kinase activity is 
required for the determination of the R7 cell since inactiva- 
tion of the kinase by a single amino acid substitution at the 
ATP-binding site results in a nonfunctional protein unable 
to specify R7 cell fate (Basler and Hafen, 1988b). The 
properties of sevenless led to the proposal that the sev- 
enless protein is a receptor for a positional cue and that 
ligand binding would activate the kinase. The sevenless 
protein is expressed in a subpopulation of ommatidial cells 
and is not limited to the R7 precursor (Banerjee et al., 
1987; Tomlinson et al., 1987). Furthermore, ubiquitous 
expression of sevenless under the control of a heat shock 
promoter in the larva rescues the mutant phenotype and 
otherwise has no deleterious effect in the larva (Basler and 
Hafen, 1989a; Bowtell et al., 1989b). 
The available data on the sevenless protein and its ex- 
pression do not allow a distinction between two alternative 
models of R7 determination. In the first model, ligand- 
induced activation of sevenless is necessary but not suffi- 
cient to determine an R7 pathway of development; specifi- 
cation of R7 cell fate requires additional signals, e.g., from 
Rl and R6. In this case there would be no obligatory re- 
strictions on the distribution of the ligand for sevenless: 
it could be diffusible or localized. In the second model, 
activation of sevenless is sufficient for the determination 
of the R7 cell fate, but the ligand for sevenless is temporally 
and spatially restricted to prevent those non-R7 precursors 
that express sevenless from becoming R7 cells. To distin- 
guish between these two alternatives, we attempted to 
generate an altered sevenless gene product that, similar 
to some transforming oncogene products, would be con- 
stitutively active, irrespective of ligand binding. 
Here we show that increased activity of the sevenless 
tyrosine kinase in the cells where sevenless is normally 
expressed results in the ligand-independent formation of 
multiple R7-like cells per ommatidium and that this pheno- 
type is caused by changing the fate of ommatidial precur- 
sor cells. These results indicate that sevenless activity 
is sufficient for the specification of R7 cell fate and are 
consistent with a model in which R7 cell fate is determined 
by the spatially and temporally restricted expression of the 
ligand for sevenless on R8. 
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Figure 1. Schematic Representation of the Assembly Sequence of a Single Ommatidial Unit 
Cluster formation begins in the morphogenetic furrow of the eye imaginal disc with the determination of the R6 photoreceptor cell. The next two 
cells that initiate a neural pathway are R2 and R5, followed by R3 and R4. Initially the clusters contain one or two extra cells, the mystery cells, 
which in wild type do not enter neural development and lose their association with the five cell precluster. After the addition of Rl and R6, R7 initiates 
neural development about 15 hr after R6 and about 6 hr after R3 and R4. After the completion of the eight cell cluster, the nuclei of the photoreceptor 
cells move basally in the epithelium such that only the apical projections of the photoreceptors are visible, and the nuclei of the presumptive cone 
cells move into the apical region of the disc. Abbreviations: the numbers 1 to 6 refer to the photoreceptor cells Rl to R6; m, mystery cell; c, cone 
cell. Anterior is to the right. 
Results 
Studies on transforming oncogene products indicate that 
constitutive activation of receptor tyrosine kinases can be 
caused by overexpression and/or structural alterations (for 
review see Jarden and Ullrich, 1988). In previous attempts 
to obtain an activated sevenless receptor we introduced 
point mutations and C-terminal truncations in the sev- 
enless coding region, hoping to imitate structural changes 
associated with transforming tyrosine kinases. Noneof the 
resulting products seemed to have a dominant effect in 
vivo (unpublished data). Another attempt to obtain a domi- 
nant phenotype by elevating the expression of sevenless 
involved the expression of a sevenless cDNA under the 
control of the inducible hsp70 heat shock promoter (Basler 
and Hafen, 1989a). We found, however, that the levels 
of sevenless protein produced per cell upon heat shock 
induction were lower than the amount of sevenless protein 
produced under the control of the sevenless enhancer. We 
therefore searched for alternative ways to achieve overex- 
pression of sevenless. 
Overexpression of a Truncated sevenless Protein 
(sewSll) by Duplication of the sevenless 
EnhancerSequences 
The sequences required for normal sevenless expression 
have properties of a transcriptional enhancer (Basler et 
al., 1989; Bowtell et al., 1989a). We therefore reasoned 
that levels of sevenless protein could be elevated by dupli- 
cating the enhancer sequences. To investigate the effect 
of enhancer duplication on the level of gene expression, 
we used the dosage-dependent misexpression of the 
rough gene as a test system (Basler et al., 1990). We found 
that the blueberry eye phenotype associated with two 
doses (homozygous lines) of an hsp-rough construct 
driven by a single sevenless enhancer is obtained with 
only one dose (heterozygous lines) of an hsp-rough gene 
driven by a tandemly duplicated sevenless enhancer. We 
conclude that the duplication of the sevenless enhancer in 
conjunction with the hsp70 promoter results in increased 
gene expression. 
By analogy to some oncogenic transformations that 
have been found to involve overexpression of an N-termi- 
nally truncated version of the cellular tyrosine kinase gene 
product, we decided to overexpress a similarly truncated 
sevenless protein lacking most of its extracellular domain. 
The P element construct we assembled (sev-Sl 1) is out- 
lined in Figure 2. It contains sevenless sequences corres- 
ponding to amino acids 1865-2554 (Basler and Hafen, 
1988b) under the transcriptional control of the duplicated 
sevenless enhancer and the hsp70 promoter. To ensure 
correct membrane topology, we included sequences de- 
rived from the Drosophila cuticle gene CP3 (Snyder et al., 
1982) to provide an N-terminal signal sequence. 
There are at least three possible outcomes of the trans- 
formation experiment with the sev-Sll construct using a 
sevenless mutant stain as a recipient. First, if the sev-Sl 1 
construct produces an inactive sevenless protein, we 
would observe the sevenless mutant phenotype. Second, 
if the sev-Sl 1 construct indeed results in ligand-indepen- 
dent sevenless tyrosine kinase activity, but sevenless ki- 
nase activity is not sufficient to induce R7 development, 
then only the R7 precursor would develop into an R7 cell, 
and we would observe rescue of the sevenless mutant 
phenotype. Finally, if the sev-Sl 1 protein is constitutively 
active and activation of the sevenless kinase is sufficient 
to induce R7 development in all the cells where it is ex- 
pressed, we should observe the formation of multiple R7 
cells. 
The sev-Sl 1 Construct Causes a Dominant Rough 
Eye Phenotype That Is Dosage Dependent and 
Requires a Functional sevenless Klnase 
Two independent transformed lines (Setit’) were obtained 
that, in contrast to the recipient strain, exhibit a striking 
rough eye phenotype (Figure 3, left and middle). The same 
phenotype was observed when Seti” was crossed into a 
sevenless+ background. Therefore, Seti” is the first gain- 
of-function mutation known in the sevenless gene. The 
following characterization of the dominant Seti” pheno- 
type was carried out in a se@ mutant background. To 
determine whether this dominant phenotype was caused 
by the increased expression of the truncated sevenless 
protein due to the duplicated sevenless enhancer, we 
made a variant of the sev-Sl 1 construct that contained 
only one copy of the sevenless enhancer. Transformants 
of this construct showed the rough eye phenotype only 
when they were homozygous for the insert (data not 
shown). Therefore, the Seti” phenotype is dependent on 
the amount of sev-Sl 1 protein produced. 
To test whether this dominant rough eye phenotype was 
caused by ectopic activity of the sevenless kinase or 
;;%t;“ion of sevenless Alters Cell Fate 
Figure 2. Schematic Representation of the 
I d hsp-sev 
TM2 TK 
sev-Sll Construct 
On top, the hsp-sev construct is shown to out- 
line the wild-type sevenless coding region 
(open box) for comparison. The arrow repre- 
sents the genomic fragment that served as en- 
hancer. The beginning and end of transcription 
are delineated above the constructs. The loca- 
tion of the ATP-binding site mutation is indi- 
A,& se” 88” h 
, r.: 
SP * TM2 Lw-+h4el 
se&7 7LysMet 
cated below. hsp, hsp70 promoter; TM1 and 
TM2, first and second transmembrane region; 
SP, exogenous signal peptide; TK, tyrosine ki- 
nase domain. 
whether it was due to the mere abundance of the truncated Proximally, this space is occupied by the R8 rhabdomere. 
protein, we constructed a mutant sev-Sl 1 construct (sev- In sevenless mutant ommatidia the R7 rhabdomere is 
Sll LysMet; Figure 2) with a single Lys to Met amino acid missing, and therefore only six rhabdomeres are visible 
change at position 2242. This lysine residue is part of the (Figures 48 and 4F). Distal sections through the eyes of 
ATP-binding site of the tyrosine kinase domain. We have SevS” transformants (Figures 4C and 4G) reveal a highly 
previously shown that this amino acid substitution in the irregular ommatidial pattern. Most ommatidia contain 
wild-type sevenless gene produces an inactive sevenless more than six photoreceptor cells, several of which have 
protein unable to determine R7 cell fate (Basler and Hafen, small rhabdomeres-a morphological characteristic of R7 
1988b). Transformants containing one or two copies of the photoreceptor cells. No such cells can be found in the 
sev-Sll LysMet construct did not exhibit any roughening distal region of the sevenless recipient strain or in trans- 
of the eye (Figure 3, right). Therefore the dominant rough formants containing the se&l 1 LysMet construct (Figure 
eye phenotype observed in Setis” transformants is depen- 4D). The number and morphology of the rhabdomeres in 
dent on a functional tyrosine kinase. Seti” are variable (Figures 4C and 4G). 
SeF Ommatidia Have Additional Photoreceptor 
Cells with Small Rhabdomeres 
Each of the eight photoreceptor cells in a wild-type omma- 
tidium has a microvillar stack of membranes containing 
rhodopsin, called the rhabdomeres. The rhabdomeres of 
the Rl to R6 photoreceptors form an asymmetric trapezoid 
and span the depth of the retina. The rhabdomere of the 
R7 cell is smaller in diameter and occupies a central posi- 
tion in the distal half of the retina (Figures 4A and 4E). 
Since some rhabdomeres are fused or split, it is difficult 
to determine the exact number of photoreceptor cells per 
ommatidium. Examination of 163 ommatidia in four eyes 
revealed an average of six cells with large rhabdomeres 
and four cells with small rhabdomeres. Many ommatidia 
were found that contained up to seven small rhabdomeres 
in addition to six or seven large ones. In sections through 
the proximal region of the retina of Seti” transformants 
only one small rhabdomere cell corresponding to the R8 
photoreceptor was detected in each ommatidium (data not 
sev SllLysMet 
Figure 3. Overexpression of a Truncated sevenless Protein (sev-Sll) Causes Rough Eyes 
Scanning electron micrographs of the left eyes of a sevenless fly and transformants homozygous for the sev-Sl 1 construct or the se&l 1 LysMet 
construct are shown. The eyes of the SevS” transformants exhibit an irregular ommatidial pattern and are slightly smaller compared with the eyes 
of the seven/e.% parental strain. The transformants carrying the sev-Sll LysMet construct that encodes a protein with an inactive kinase do not 
exhibit a rough eye phenotype. Anterior is to the left. Magnification is 100 x 
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Figure 4. Seti” Causes the Formation of Multiple Photoreceptors with Small Rhabdomeres 
Histological sections through wild-type (A), set@ (6) sevdz, Se+ (C), and se@ seP “Us’ (D) eyes are shown, as well as enlargements of single 
ommatidial units of wild type (E), set+‘(F), and se@, Seti” (G). Each photoreceptor cell has a microvillar stack of membranes containing rhodopsin, 
termed rhabdomere, that projects toward the center of the ommatidium. The R7 rhabdomere differs morphologically form the rhabdomeres of Rl 
to R6. It is smaller in diameter and occupies a central position in the wild type (see numbering in [El). In sevenless the R7 cell is missing (B and 
F). In Se@’ there are on average more than six photoreceptor cells visible in each ommatidium; many have small rhabdomeres (C and G). In 
se+‘-, as in the sevenless recipient, only six photoreceptor cells are visible (D). Anterior is to the right. Magnification is 1000 x for (A) through 
(D) and 2400 x for (E) through (G). 
shown). Thus the sev-Sl 1 construct results in the recruit- The Multiple Small Rhabdomere Cells in Seti” 
ment of multiple photoreceptors with small rhabdomeres Ommatidia Are Functional R74ike 
in a sevenless mutant background. The morphological Photoreceptor Cells 
characteristics of the additional photoreceptor cells with To test whether the small rhabdomere cells are indeed R7 
small rhabdomeres and occupying a distal portion of the cells, we crossed the se&l 1 construct into an ora (outer 
retina resemble those of R7 cells. rhabdomeres absent) mutant background. ora mutants 
;fct&ion of sevenless Alters Cell Fate 
Figure 5. The Photoreceptor Cells with Small Rhabdomeres in Seti” Are Differentiated R7 Photoreceptor Cells 
(A-C) Histological sections through the distal part of the retinas of ora flies (A) and ora; Seti” flies (6) and through the proximal portion of ora; SeP” 
eyes (C). The multiple small rhabdomere cells in Seti” do not degenerate in the ora background (B). In proximal sections through the retina of ore; 
SevSr’ flies only a single rhabdomere (R8) is present (C). 
(D-F) Frozen head sections stained for 5-galactosidase activity of seven/e&; R/G-p-gal (D), sevenless-; R&3-B-gal (E), and Sev? Rh3-B-gal (F). 
The Rh3+-gal construct is expressed in a subpopulation of R7 cells in wild type (D); no enzymatic activity is detected in the retina of seven/e% 
flies since they lack R7 cells. In Sep” (F), many more cells express the RhS-p-gal construct than in wild type. These cells are therefore fully 
differentiated R7 photoreceptors. 
Magnification is loo0 x in (A) through (C) and 200x in (D) through (F). 
lack rhodopsin in the W-6 set of photoreceptors; in addi- only R7 and R6 rhabdomeres (Figure 5A). A section 
tion, this mutation causes the selective degeneration of through the distal part of an eye of a Se@“; ora double 
the rhabdomeres of the outer photoreceptor cells Rl to mutant is shown in Figure 58. On average, there are four 
R6 (Stark and Sapp, 1967). Ommatidia of flies homozy- small rhabdomeres per ommatidium as in the ora+ back- 
gousfor ora in an otherwise wild-type background possess ground. In the proximal part of the Seti” retina only the 
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h (GREEN/W) = 
n (GREEN) - n (uv) 
TOTAL 
uv GREEN 
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Figure 6. Color Choice Preference of Wild-Type (Centon-S), set@, and 
se@, SeP Flies in a T-Maze 
Flies were tested for the color choice preference between 360 nm UV 
light and 550 nm green light. The phototactic value 5 represented 
graphically was determined as indicated at the top of the figure. Flies 
from the set@ strain that served as recipients for injection are attracted 
by the green light since they lack R7 cells. In contrast, se@, SevS” 
flies are strongly attracted by the UV light, indicating that at least some 
of the multiple R7 cells are functional and make proper connections 
in the medulla of the optic lobes. 
R8 rhabdomere is present (Figure 5C). The finding that the 
multiple small rhabdomeres in Seti” transformants do not 
degenerate in the ora mutant is consistent with the as- 
sumption that these cells are R7 photoreceptors. 
The only biochemical markers of fully differentiated R7 
cells distinguishing them from other photoreceptor cells 
are the R7-specific rhodopsins Rh3 and Rh4 (Zuker et al., 
1987; Monte11 et al., 1987; Fortini and Rubin, 1990). They 
are expressed in nonoverlapping, complementary subsets 
of the R7 photoreceptor cell populations. To assay for the 
presence of fully differentiated R7cells in SeP, we gener- 
ated a transformant strain containing the bacterial /acZ 
gene driven by the &-regulatory sequences of the Rh3 
rhodopsin gene (Rh3-p-gal). Whereas a random subpopu- 
lation of R7 cells express this Rh3-p-gal fusion gene in a 
wild-type background (Figure 5D), no staining is observed 
in sevenless mutant flies because they lack R7 cells (Fig- 
ure 5E). In Seti” transformants many more cells express 
the Rh3-B-gal construct than in wild type. Thus, many of 
the cells with small rhabdomeres of Se@’ transformants 
express the R7-specific rhodopsin Rh3 and therefore have 
properties of fully differentiated R7 cells. 
To examine whether the R7-like cells formed in SeP’ 
transformants are also functional and make correct synap- 
tic connections, we tested the phototactic behavior of 
SeP flies. The R7 photoreceptor cells are responsible 
for the attraction of flies to UV light when given a choice 
between that and green light. Flies lacking R7 photorecep- 
tors such as the seP recipients are attracted preferentially 
toward the green light (Harris et al., 1976). The data in 
Figure 6 show that se@, Seti” flies are strongly attracted 
to UV light, indicating that at least some of the R7 cells 
make functional synaptic connections. 
We conclude that the multiple photoreceptor cells with 
small rhabdomeres in SeP ommatidia are supernumer- 
ary R7-like cells. The evidence is several-fold: First, the 
Figure 7. The Seti” Phenotype Is Independent of the boss Gene 
Histological sections through eyes of Seti” (A) and Seti”; boss flies 
(6). The multiple R7 photoreceptor cells also form in a boss mutant 
background. Anterior is to the right. Magnification is 1000x. 
size of the rhabdomeres and their position in the distal part 
of the retina are morphological characteristics of R7 cells. 
Second, the fact that they do not degenerate in an ora 
background indicates that they are not Rl-6 cells. Third, 
expression of the Rh3-p-gal marker by many cells in the 
Se+ transformantsfurther indicates that these cells have 
properties of fully differentiated R7 cells. Fourth, the be- 
havioral test demonstrates that at least some of these 
R7-like cells are functional and make correct connections 
in the medulla of the optic lobes. 
The Formation of R74lke Cells in SeP Is Not 
Dependent on boss 
An important question is whether the formation of R7-like 
cells in SevS” is dependent on the boss gene. The boss 
gene product has been shown to be required in the R8 cell 
for R7 development to occur (Reinke and Zipursky, 1988). 
Recently, the boss gene was cloned and sequenced. It 
encodes a membrane protein with a large extracellular 
domain (Hart et al., 1990). It is possible that the boss gene 
product may itself be the ligand for the sevenless receptor. 
In Figure 78, a section through a Se@‘; boss mutant fly 
is shown. In the boss mutant background we observe on 
average the same number of R7-like cells as in a boss+ 
background (Figure 7A). Thus, the recruitment of multiple 
pr&&ion of sevenless Alters Cell Fate 
Figure 6. Comparison of the Expression Pat- 
tern of the Wild-Type sevenless Protein and the 
se+91 1 Protein Expressed under the Control 
of the 2 x sevenless Enhancer 
Eye imaginal discs of sev+, w~“~ larvae (A) and 
set@, Seti” larvae (C) were stained with the 
polyclonal antiserum G24, which recognizes 
the sevenless tyrosine kinase domain. An 
FlTC-coupled secondary antiserum was used, 
and optical sections through the apical region 
of the discs were taken with a confocal micro- 
scope. Anterior is to the right. A schematic rep- 
resentation of selected staining configurations 
is shown in (6). The identification of the differ- 
ent sevenless-expressing cells is deduced from 
the localization of the sevenless protein at the 
e!ectron microscopy level (Tomlinson et al., 
1966) and double staining experiments with the 
BP-104 antibody and the sevenless antiserum 
(data not shown). The expression patterns of 
the wild-type sevenless protein and the sev- 
Sll protein are identical. Both proteins are ex- 
pressed transiently in theapical region of asub- 
population of ommatidial precursor cells. The 
staining pattern is slightly less regular in the 
SevS’r discs. This is due to the less regular as- 
sembly of the ommatidial units as a conse- 
quence of the activated sevenless protein (see 
also Figure 9). sevenless protein is initially de- 
tected in the morphogenetic furrow in three to four cells (R3, R4. and one or two mystery cells), giving rise to the butterfly shape. Over the next 
five posterior columns the staining in R3, R4, and the mystery cells decreases. The very weak expression of sevenless in RI and R6 described 
by Tomlinson et al. (1966) is barely visible and has been omitted in the drawing shown in (9). Expression in R7 and in the anterior and posterior 
cone cells is detected almost at the same time, giving rise to the open doughnut shape. With the expression of sevenless in the polar and equatorial 
cone cells and the concurrent loss of expression in R7, the doughnut shape is complete. Subsequently, the staining in the anterior cone cell is lost, 
giving rise to an open doughnut shape again. Abbreviations: 3,4,7, photoreceptor cells R3, R4, and R7; ac, anterior cone cell; ec. equatorial cone 
cell; m, mystery cell; pc, posterior cone cell; rc, polar cone cell. Magnification is 765 x 
ommatidial precursors into the R7 developmental pathway 
in SevS” appears to be independent of the boss gene. 
All Cells Expressing sewSl 1 Initiate 
Neuronal Development 
To identify the origin of the multiple R7-like cells in Se@‘, 
we examined the assembly of the ommatidial clusters in 
the imaginal discs of sevenless mutants and Seps” trans- 
formants. We suspected that the R7-like cells would be 
recruited from the ommatidial precursor cells that express 
the sev-Sll construct. Using a polyclonal antiserum di- 
rected against the sevenless kinase domain, we confirmed 
that the truncated sev-Sll protein is expressed in the 
same subset of ommatidial precursor cells as the wild-type 
protein (Figure 8). Both proteins are transiently expressed 
at high levels in R3 and R4, in one or two of the so-called 
mystery cells, in R7, and, finally, in the cone cells. Only 
weak expression is seen in Rl and R6 (Tomlinson et al., 
1987). To follow the assembly of the ommatidial cluster, 
we used the monoclonal antibody BP-104. This antibody 
recognizes aneuron-specific form of the Drosophila neuro- 
glian protein and serves as an early differentiation marker 
for neuronal cells in Drosophila (Hortsch et al., 1990). We 
examined optical sections through whole-mount prepara- 
tions of BP-1OCstained eye imaginal discs of sevenless 
and Seti” larvae. We found that in Seti” discs all cells 
that express sev-Sl 1 also express BP-104 and therefore 
initiate neural development. This is shown in Figure 9 and 
described in detail below. 
Ommatidial development is initiated in the morphogene- 
tic furrow, a dorsoventral indentation that moves over the 
disc epithelium in the anterior direction (for review see 
Ready, 1989). Along the length of the furrow, a column of 
ommatidia begins to assemble. The anterior movement of 
the furrow results in the appearance of one new column 
approximately every 1.5 hr (Basler and Hafen, 1989b). As 
a result, the temporal sequence of ommatidial assembly 
is laid out spatially along the anterior-posterior axis of the 
disc. 
At the precluster stage (column 5 behind the initiation of 
ommatidial assembly), five cells (R2, R3, R4, R5, and R8) 
express the BP-l 04 antigen in the sevenless disc (Figure 
9B). In Seti” one or two additional cells located between 
R3 and R4 are also stained (Figure 9G). These cells corre- 
spond to the mystery cells ml and m2, which in wild type 
are initially associated with the precluster and express 
sevenless (Tomlinson et al., 1987). Although staining of at 
least one of the mystery cells is seen in most of the clusters 
at this stage, there are also clusters without mystery cells 
(Figure 9F). This is consistent with the finding that in the 
adult also, the number of R7-like cells is variable. In sev- 
enless and in wild type the mystery cells do not initiate 
neuronal development, and they have lost their associa- 
tion with the precluster at this stage. 
In column 9, photoreceptor cells Rl and R6 have been 
integrated into the cluster and express BP-l 04 (Figure 9C). 
R7, which in wild type would also be BP-104 positive at 
this stage, is not visible in sevenless mutants. In Se@‘, 
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Figure 9. All Cells That Express sevenless Initiate Neural Development in Seti” 
Optical sections of whole-mount eye imaginal discs that have been stained with the neural-specific monoclonal antibody BP-104. Low magnification 
view is shown of a sevenless disc (A) and a Seti” disc (F). Anterior is to the right. The temporal sequence of ommatidial assembly is spatially 
displayed along the anterior-posterior axis. The rightmost column corresponds to column 3 in (A) and column 5 in (F). High magnification views 
are shown of selected stages of ommatidial assembly in a sevenless disc (B-E) and a Seti” disc (G-K). During disc development, the ommatidia 
undergo a 90° rotation. All clusters are shown in their final orientation such that anterior is to the right. In sevenless, five cells corresponding to 
R2, R3, R4, R5, and R6 are stained in column 5 (B). In Se@‘, one to two additional cells, ml and m2, are visible between R3 and R4 (G). These 
cells correspond to the mystery cells that normally express sevenless but do not initiate neuronal development in wild type or in sevenless mutants. 
In column 9, behind the morphogenetic furrow, photoreceptors Rl and R6 but not R7 have initiated differentiation in sevenless (C). In Selzj”, both 
the R7 cell between Rl and R6 and a mystery cell between R3 and R4 express the BP-104 antigen (H). In column 1 I the photoreceptor cell cluster 
has moved basally such that only the apical projections of the photoreceptor cells are visible in sevenless (D). The unstained cell between Rl and 
R6 visible at this stage (arrowhead in [D]) corresponds to the R7 precursor that does not initiate neuronal development in sevenless but becomes 
a cone cell instead. The presumptive cone cells come to lie above the photoreceptor cells but are unstained in sevenless mutants or in wild type. 
At the same stage in Se@“, however, we observe in addition to the stained R7 cell three cone cells that are also stained with the BP-104 antibody 
(I). In column 13 only the microvillar processes of the photoreceptors are visible in the apical section in sevenless (E). In Se@, the four presumptive 
cone cells are visible because they express the BP-104 neural marker (K) Abbreviations: 1-6, photoreceptor cells Rl to R6; m, mystery cells; c. 
cone cells. Magnification is 630x in (A) and (F) and 1260x in (8) through (E) and (G) through (K) 
however, the R7 cell is visible between I?1 and R6 in addi- In column 14 and 15 of sevenless- discs only the extreme 
tion to one of the mystery cells between R3 and R4 (Figure apical projections of the photoreceptors are visible (Figure 
9H). After the integration of all the photoreceptor cells has 9E). In SevS”, rosettes are detectable apically consisting 
occurred, these cells move basally in the epithelium, and of four to five cells that correspond to the presumptive 
the cone cells will come to lie above the photoreceptor cell cone cells and the R7 cell (Figure 9K). We conclude that 
cluster. Therefore in wild type and in sevenless only the in Se@“’ all cells that express sevenless during ommatidial 
apical projections of the photoreceptors can been seen in assembly can initiate neuronal development. In compari- 
an apical section through the disc (Figure 9A). Since the son to the sevenless- strain, six to seven additional cells 
cone cells do not initiate neuronal development normally express the BP-104 antigen: one or two mystery cells, the 
they are not visible in BP-10sstained discs. In sevenless R7 precursor, and the four presumptive cone cells. This is 
one unstained cell is located between cells Rl and R6 the maximum number of BP-104-positive cells per omma- 
(Figure 9D, arrowhead). This cell corresponds to the R7 tidium and is therefore somewhat higher than the average 
precursor that has assumed a cone cell identity and re- of four R7-like cells observed in the Seti” retina. In 12% 
mains apically in the cluster. In Se@‘, however, not only of the ommatidia, however, we do observe six to seven 
the R7 cell but also the presumptive anterior, posterior, R7-like cells. Cells R3 and R4, which also express sev- 
and polar cone cells stain strongly with BP-l 04 (Figure 91). enless, initiate neuronal development also in sevenless 
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Figure 10. Cobalt Sulfide Staining of Wild-Type and SevS” Pupal 
Discs 
Eye imaginal discs of 67 hr wild-type (A) and Seti” (B) pupae were 
stained with cobalt sulfide to outline the pattern of cone cells and 
pigments cells. In wild type, the four cone cells are surrounded by two 
primary pigment cells. These clusters are embedded in a hexagonal 
pattern of secondary and tertiary pigment cells. Although the pattern 
in Seti” is less regular, up to five cone cells are visible surrounded by 
the pigment cells. This suggests additional cells have been recruited 
as cone cells in SevS”. Anterior is to the right. Magnification is 2000 x 
mutants. Since in Seti” retinas we detect on average six 
large rhabdomere cells, it seems likely that R3 and R4 do 
not become R7 cells. 
The spatial and temporal expression pattern of sev- 
enless has been analyzed in detail only in larval discs. 
Integration of the primary, secondary, and tertiary pig- 
ments cells, however, occurs after puparium formation. To 
determine whether sevenless is expressed in any of these 
cells, we stained eye discs of 40 hr pupae with sevenless 
antisera. Staining with the sevenless antiserum was con- 
fined to the cone cells in the anteriormost clusters (data 
not shown). None of the pigment cells showed detectable 
levels of sevenless protein. We conclude, therefore, that 
all cells that express sev-Sll can initiate neural devel- 
opment. 
Additional Cells Are Recruited in Seti” Flies to 
Substitute for the Neurallzed Cone 
Cell Precursors 
If all the cells including the presumptive cone cells that 
secrete the lens initiate neuronal development in Seti”, 
which cells will form the ommatidial lenses? Using cobalt 
sulfide staining to outline the cell boundaries, we exam- 
ined the later stages of ommatidial assembly in discs of 
wild-type and SevS” 67 hr pupae. In wild type, the four 
cone cells are surrounded by the two primary pigment cells 
(Figure 1OA). The secondary and tertiary pigment cells 
including the bristle cells form a lattice around the omma- 
tidial units. Although the pattern in the Selrs” disc is less 
regular (Figure 106) each ommatidial unit has on average 
four cone cells surrounded by primary pigment cells. Stain- 
ing of pupal discs with the BP-104 antibody indicates that 
the cells surrounded by the primary pigment cells are in- 
deed nonneuronal (data not shown). It therefore appears 
that additional cells are recruited in Se@ to become cone 
cells after the original cone cell precursors have been sub- 
verted into neuronal development. It is possible that the 
variable number of cells we count in the SevS” retina is 
due to a general shortage of precursor cells to complete 
all ommatidial units. Consistent with this interpretation is 
the observation that the Seti” eyes consist of about 15% 
fewer lens-bearing ommatidia than sevenless or wild-type 
eyes (Figure 3). 
Discussion 
We have previously shown that sevenless tyrosine kinase 
activity is necessary for the determination of the R7 photo- 
receptor cell (Basler and Hafen, 1988b). To determine 
whether tyrosine kinase activity of sevenless is sufficient 
to direct other ommatidial precursor cells into the R7 de- 
velopmental pathway, we generated a sevenless allele 
(SevSII) that produces a constitutively active product. A 
dominant phenotype is associated with Seti”, and our 
analysis shows that it is caused by recruitment of supernu- 
merary R7-like photoreceptors. 
Overexpression of a Truncated sevenless Protein 
Leads to Ligand-Independent Activation of the 
sevenless Kinase 
Two types of mechanisms have been described that can 
account for ligand-independent activation of receptor tyro- 
sine kinases. First, structural alterations, in particular point 
mutations affecting the extracellular domain or the trans- 
membrane region, have been described for the products 
of the neu and the v-fms proto-oncogenes (Bargmann et 
al., 1986; Woolford et al., 1988; Roussel et al., 1988). 
These mutations are believed to induce a conformational 
change favoring receptor dimerization equivalent to that 
triggered by ligand binding. Second, in contrast, many 
abnormalities involving growth factor receptors in human 
malignancies appear to involve the overexpression of un- 
altered proteins. For example, it has been shown that over- 
expression alone can activate the erbS-2 gene as a trans- 
forming oncogene in tissue culture cells (Di Fiore et al., 
1987). An increased concentration of a receptor tyrosine 
kinase may cause transformation by raising the level of 
constitutive kinase activity to a threshold required for 
growth stimulation. 
The sev-Sll protein is missing a large portion Of its 
extracellular domain. Thisstructural alteration might partly 
relax the normal dependence of sevenless activity on Ii- 
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gand binding. We favor the alternative explanation that the 
truncation primarily leads to increased amounts of tyrosine 
kinase-bearing protein. This is supported by the observa- 
tion that its effect is dosage dependent and that it seems 
to be several-fold more efficiently expressed upon heat 
shock induction compared with full-length protein (unpub- 
lished data). The biological effect appears to be a direct 
measure of sevenless tyrosine kinase domain concentra- 
tion. The dependence on an intact ATP-binding site indi- 
cates that it is not the mere presence of the sevenless 
tyrosine kinase but rather its activity that accounts for the 
Seti” phenotype. 
Several lines of evidence indicate that the effect of Seti” 
is ligand independent: First, additional R7-like cells are 
recruited in positions where in wild type sevenless is ex- 
pressed but no R7 cells are generated. Since expression 
of the putative ligand for sevenless is not altered in our 
experiment, this effect must be independent of it. Second, 
the same effect is observed in a boss- background, boss 
being the most likely candidate for a ligand for sevenless. 
Third, although the ligand-binding region of sevenless is 
unknown, sev-Sll lacks 88% of its extracellular domain, 
rendering it unlikely to be able to functionally interact with 
its ligand. More recent results with chimeric receptors con- 
taining only the C-terminal intracellular part of the sev- 
enless protein, however, lead to the same activation (B. 
Dickson and E. Hafen, unpublished data), excluding the 
possibility that the short extracellular domain of sev-Sll 
is responsible for the activation of the kinase domain by 
binding to a ligand. 
Constitutive Tyrosine Kinase Signaling: 
Determination versus Proliferation 
Constitutive activation of receptor tyrosine kinases has 
been studied so far primarily by virtue of their transforming 
capacity in tissue culture cells or by their oncogenic poten- 
tial in tumor formation. The common pattern in both cases 
is uncontrolled cell proliferation. Although, in principle, the 
multiple R7-like cells in SevS” could have arisen by in- 
duced proliferation of the R7 precursor, our developmental 
analysis can exclude this possibility. Neural antigens are 
detected in the mystery cells of SevS” discs approximately 
8 hr before the R7 precursor enters the ommatidial cluster. 
Thus, these cells deviate from their normal developmental 
pathway prior to R7 determination and therefore cannot 
be descendants of the R7 precursor. 
Therefore, in contrast to the elevated tyrosine kinase 
activity of a growth hormone receptor, constitutive activa- 
tion of sevenless does not lead to the proliferation of cells 
but to the transformation of cell fate. This difference re- 
flects the unequal role of the signals these receptors medi- 
ate normally: proliferation as a response to a growth factor 
versus cell fate determination upon interaction with an 
inductive cue. Cells normally not exposed to the positional 
cue specifying R7 development receive inappropriate in- 
formation, as if positional values in the developing omma- 
tidia had been changed. 
The Seti” dominant phenotype parallels the phenotype 
of the dominant torso alleles (Klingler et al., 1988). The 
torso gene product is also a receptor tyrosine kinase and 
is required for the formation of the terminal anlagen of 
the embryo (Sprenger et al., 1989). The torso protein is 
expressed in all the cells of the blastoderm but is activated 
only locally at the poles (Casanova and Struhl, 1989). Ec- 
topic activation of torso in the dominant alleles causes a 
change in cell fate of the central cells of the blastoderm. 
Instead of forming the segmented parts of the body, these 
cells differentiate into terminal structures. As in the case 
of sevenless, activation of the receptor causes a cell fate 
change rather than the onset of proliferation. 
R7 Cell Fate Does Not Have to Be Specified 
by a Combinatorial Mechanism 
In SevS”, cells normally not destined to become photore- 
ceptor cells initiate neural differentiation and become 
R7-like cells by all available criteria. Photoreceptor cells 
R3 and R4 appear to be the only sevenless-expressing 
cells that do not change their wild-type fate, since on the 
average we counted six large rhabdomere cells in Seti” 
ommatidia. It is conceivable that these cells are already 
determined to their fate at the time they express sevenless 
and that the differentiation program they started cannot 
be reversed by sevenless activity. Two early signs of the 
determination of R3 and R4 are the expression of the rough 
and seven-up genes (Tomlinson et al., 1988; Kimmel et al., 
1990; Mlodzik et al., 1990). Both of these gene products 
are thought to repress R7 development. This would also 
explain why in wild-type development these two cells do 
not develop into R7-type receptors despite their intimate 
contact with the R8 cell and high level of sevenless ex- 
pression. 
Our developmental analysis indicates that all other cells 
in which the sevenless enhancer is active-the mystery 
cells, the presumptive R7 cell, and the cone cells-can 
become R7-like cells. Each cell expressing sev-Sll can 
become BP-104 positive. This is in contrast to wild type, 
in which only a fraction of sevenless-expressing cells be- 
come neuronal, namely, those cells that are also exposed 
to the ligand at the right time (R7) or those that are deter- 
mined by other pathways (R3, R4). 
Considering that sevenless activity is sufficient to spec- 
ify R7 cell fate in cells other than the R7 precursor, there 
is no necessity for an additional signal, e.g., from the 
neighboring Rl and R8 cells: the mystery cells and the 
polar cone cell do not contact RllR6 but can still develop 
as R7-like cells in Se@‘. Therefore, it is possible that in 
wild type, R7 cell fate is specified by a single signal medi- 
ated through sevenless and not by a combination of differ- 
ent signals as proposed by the combinatorial model (Tom- 
linson and Ready, 1987a; Tomlinson, 1989). Thus in many 
cells, sevenless activity appears to be necessary and suffi- 
cient for, and not merely a prerequisite or temporal trigger 
of, R7 development. 
In this respect, the role of sevenless in cell fate determi- 
nation is different from that of Notch. Notch is also required 
for the cell-cell interactions that control cell fate decisions 
in the eye. Removal of Notch activity at different steps of 
ommatidial assembly results in cells selecting inappropri- 
ate developmental pathways (Cagan and Ready, 1989). 
Whereas Notch is required but seems to play a permissive 
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role in the determination of cell fate, sevenless activitv methionine codon. This point mutation could not be derived from the 
appears to have an instructive role. 
Predictions about the Distribution of the Ligand 
for sevenless 
Since wild-type cone cell precursors do not develop into 
R7 cells although they express sevenless, the ligand for 
sevenless cannot be freely diffusible but must be spatially 
restricted, most likely to the developing R8 cell. The mys- 
tery cells, however, also contact R8 initially and do not 
initiate neural development normally, although they can if 
sevenless is activated. This suggests that the sevenless 
ligand is not seen by the mystery cells, most likely because 
it is expressed late in R8 development at the time when 
only the R7 cell is ready to be determined. Thus, a com- 
bined spatial and temporal restriction in the expression of 
the ligand for sevenless seems to specify that only the R7 
precursor cell will respond to it. 
Our observation that sevenless activitv is sufficient to 
specify R7 cell fate suggests that there is only a single 
signaling pathway to control R7 induction. It-therefore 
strongly supports the hypothesis that boss and sevenless 
act in the same pathway. Since the boss gene encodes a 
membrane protein with a large extracellular domain (Hart 
et al., 1990), it is possible that the boss protein is the 
membrane-bound ligand for sevenless on the R8 cell. 
Experimental Procedures 
DNA Constructs 
sev311 and sev-Sl1LysMet 
The P element vector we used for transformation is based on pW8 
(Klemenz et al., 1987) bearing the selectable marker gene white. A 
duplication of the sevenless enhancer was obtained by cloning the 
1.2 kb genomic sevenless Xhol fragment (positions 8347-7584) into 
pBluescript that was linearized with Xhol and phosphatase treated. A 
clone was selected containing two copies of the Xhol fragment in the 
same orientation. Using adjacent sites in the pBluescript polylinker, 
this tandem enhancer was isolated, blunt ended, and inserted into the 
filled-in EcoRl site of hsp-sev cDNA type A (see Basler et al., 1989) 
such that it was placed in front of the hsp70 promoter/leader in an 
orientation as shown in Figure 2. The sevenless cDNA insert was then 
excised and replaced with a shorter and modified cDNA fragment (see 
below) to give rise to se&l I. 
The sequences encoding a truncated sevenless protein with an 
exogenous signal peptide were obtained as follows: Two partially com- 
plementary oligonucleotides with the sequences L’CTCTCGAGCCA- 
ACATGSTCAAGATCCTGCTGGTCTGCTCCCTGGCCGCCCTGFGTGG- 
CCGCCAACGCCAATCGATCG3’and B%CGGCGCCCGlTCAGGTG 
CTCCTCGGAGATCAG~CT~~TCTGCTC~~~~~~~~ 
ACCJ’ were annealed and extended to obtain a double-stranded DNA 
fragment coding for the amino acid sequence MFKILLVCSIAALVA- 
NANRSEQKLISEEDLNGR. This sequence represents the signal pep- 
tide of the Drosophila cuticle protein CP3 (Snyder et al., 1982) followed 
by a 10 amino acid stretch of a c-myc epitope for which a monoclonal 
antibody (9ElO) is available (Evan et al.. 1985; Munro and Pelham, 
1987). The fragment was cloned, sequenced, and then joined with its 
3’ Narl site to the Clal site (genomic position 12259) of the sevenless 
cDNA, resulting in an in-frame fusion to amino acids 1885-2554 of the 
sevenless protein. The cDNA used in this construction is fused in the 
last exon to the corresponding 3’genomic region (position 14503 [Eagl) 
to 15379 [EcoRI]) to provide the endogenous transcription termination 
and processing sequences. The resulting product was used for 
sev-Sl 1. 
sev-Sl 1 LysMet was assembled identically except that a mutant sev- 
enless cDNA was used that contained a single A to T nucleotide 
change at genomic position 13452, altering the Lys-2242 codon to a 
previously described genomic pWBH-sevMet2242 construct (Basler 
and Hafen, 1988b) since the Lys-2242 codon is abutting an exonl 
intron boundary. Therefore, wecloned the BamHI-Sal1 cDNAfragment 
(genomicpositions 12437-14042) intoM13mpl9and usedtheoligonu- 
cleotide 5%TGGCCATCATGAGCCTCCGC-3’ according to the meth- 
odof Tayloret al. (1985) to introduce thedesired mutation. Thedouble- 
stranded Ml3 insert from the Sacll site (genomic position 12718) to 
the Sal1 site (genomic position 14042) was then used to replace the 
corresponding wild-type cDNA sequence. 
2 x sev-hsp-ruugh 
The hsp-rough fusion gene was excised from pW8[hsprough] with 
EcoRl and Pstl and subcloned into derivatives of peluescript that con- 
tained either a duplicated 1.2 kb sevenless enhancer (see above) 
or only a single copy in either orientation. The three resulting con- 
structs were excised with Apal (filled in with T4 polymerase) and Xbal 
and inserted into pDM23 (containing the rosy marker gene; Mismer 
and Rubin, 1987) digested with Asp-718 (filled in with T4 polymerase) 
and Xbal. The two orientations of the single enhancer constructs gave 
rise to an identical phenotype as sev-hsprough (Basler et al., 1990). 
Rh3-B-gal 
The genomic 0.5 kb Hindlll to Clal fragment of ffh3 (Zuker et al., 1987) 
was subcloned into pBluescript KS+, and the promoter fragment was 
amplified by the polymerase chain reaction using the universal Ml3 
(- 20) primer and the oligonucleotide CI-CAGGATCCGGTCTGCG- 
GGCC-3’ (corresponding to positions 8 to 25). A BamHl site was 
thereby introduced between the transcription and the translation initia- 
tion site. The reaction product was digested with BamHl and cloned 
into pDM79 (Mismer and Rubin, 1987), resulting in a translational fu- 
sion to the laci’ gene. 
Drosophila Strains and Germline Transformatlon 
Plasmid DNA was prepared for injection as described previously 
(Basler and Hafen, 1988b) except that we used pUChsnA2-3 as helper 
plasmid (gift of Don Rio). Embryos of the w”‘~, se@ genotype were 
injected as described by Dudler and Travers (1984). The characteriza- 
tion of the Seti” phenotype was carried out in a sep mutant back- 
ground. The se@’ mutant allele does not produce sevenless protein. 
The chromosomal site of integration of the sevS11 construct was 
determined by in situ hybridization as described in Basler and Hafen 
(1988b). Sev-S11.4 maps to position 18D on the X chromosome, and 
Sev-S11.5 to position 75C on the left arm of the third chromosome. For 
the experiments described here the X-linked line Set@“.4 was used. 
Five independent se+‘nM lines were obtained. For the analysis de- 
scribed here, the X-linked line seprlL*uz was used. The 2 x sev-hsp- 
rough construct and the FfhS-B-gal construct were injected into the 
ry” host strain. 
Phototsxis 
Forty to fifty flies were placed into a clear plastic tube (Flacon 2051) 
that could be inserted into the start cavity of a T-maze apparatus as 
described by Ballinger and Benzer (1988). A BLACK-RAY lamp UVL-21 
(long wave, 388 nm) and a UV filter (R-UV 347.18, Balzers) between 
lamp and flies were used as the UV source. The normal light was 
obtained by an lntralux 4000 lamp. Flies were given a 20 s period to 
move to the more attractive side. The flies that had moved to the UV 
or the normal light were counted. For each line we assayed two sets 
of approximately 50 flies. Each group was tested four times. 
Scanning Electron Microscopy snd Histology 
Adult flies used for scanning electron microscopy were stored in 70% 
acetone before they were critical-point dried and coated to be exam- 
ined in a Hitachi S-4000 scanning electron microscope. Eyes to be 
sectioned were fixed and embedded in Spurr’s medium as described 
previously (Basler and Hafen, 1988b). Semithin sections (1 pm) were 
obtained and stained with toluidine blue for light microscopy. 
Cobaft Sulfide Stslnlng of PU~XII Discs 
Staining was done essentially as described by Melamed and Trujillo- 
Cenor (1975). Briefly, pupae were dissected in Ringer’s solution and 
the eye discs were transferred for 5 min to 2% glutaraldehyde in 
phosphate-buffered saline (PBS). The discs were washed in distilled 
water for 30 sand then incubated in 2% Co(N03)* for 5 min. The discs 
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were washed again in distilled water for 5 s and then transferred to 1% 
(NH4)& for 15 s. The discs were washed for several minutes in distilled 
water and mounted in DABCO (1,4-diazobicyclo-[2.2.2]-octane) (25% 
in 87% glycerol). The age of the pupae refers to their development at 
20%. 
P-Galactosidass Staining 
Eyes were embedded in OCTcompound freezing medium (Miles Inc.), 
and 8 urn sections were cut with the cryostat. Sections were mounted 
on gelatinized slides and incubated at 50°C for 1 min. The sections 
were then fixed in 1% glutaraldehyde in PBS for 15 min, washed three 
times for 10 min in PBS, and rinsed in staining buffer (Simon et al., 
1985). Afterward the sections were incubated in staining solution over- 
night at 37OC. Sections were washed in PBS for 10 min, air dried, and 
mounted in CMCP-10 (Polysciences, Inc). 
lmmunohistochemistry and Confocal Microscopy 
Eye imaginal discs were dissected in Ringer’s and then fixed for 30 
min in 4% paraformaldehyde in 0.1 M phosphate buffer, 0.07 M glu- 
cose, and 0.07 M Ca&I. The discs were washed in PBS, 0.2% saponin 
for 30 min. During this step the peripodial membrane was removed 
from those discs that were subsequently stained with the anti- 
sevenless antiserum to increase the sensitivity of signal detection. The 
discs were then incubated for 30 min in blocking solution (1 x PBS, 
0.2% saponin, 3% fetal calf serum; Sigma). Incubation in the primary 
antibody was usually done overnight at 4OC. The discs were washed 
three times for 5 min in PBS, 0.2% saponin. The FIT&conjugated 
secondary antibodies (Southern Biotechnologies, Inc.) were used at a 
1:50 dilution in blocking solution. Incubation was done for 2 hr at room 
temperature. After three successive 5 min washes in PBS, 0.2% sapo- 
nin, the discs were mounted in DABCO (2.5% in 67% glycerol). 
For the analysis of the expression of truncated sev-Sll protein in 
eye discs, we used the affinity-purified polyclonal goat antiserum G24, 
which was raised against a bacterial fusion protein corresponding to 
the C-terminal cytoplasmic domain of the sevenless protein. To exam- 
ine the assembly of the ommatidial cluster in sevenless and Seti”, eye 
imaginal discs where stained with monoclonal antibody BP-104 (kindly 
provided by Nipam Pate1 and Corey Goodman). The BP-104 mono- 
clonal supernatant was diluted I:1 in blocking solution (PBS, 3% fetal 
calf serum, 0.2% saponin). The discs were examined first by conven- 
tional fluorescence microscopyto select specimens that were mounted 
flat. These discs were then examined using the Bio-Rad confocal sys- 
tem MRC 500 connected to a Zeiss Axiophot with a 64 x planapochro- 
mat lens (Zeiss). Serial optical sections (Z-series) at 0.5 urn intervals 
were obtained. For the analysis of the ommatidial clusters, single sec- 
tions approximately 2 urn below the apical surface of the discs were 
used. Photographs were obtained directly from the computer monitor 
using llford HP5 Plus film. For the low magnification views shown in 
Figure 8 and Figure 9. prints of optical sections of different positions 
on the same disc were spliced together. 
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